













Abstract.  A climate-optimized  routing  is  expected  as  an operational measure  to  reduce  the climate 
impact  of  aviation,  whereas  this  routing  causes  extra  aircraft  operating  costs.  This  study  performs 
some  air  traffic  simulations  of  nine  aircraft  routing  strategies  which  include  the  climate-optimized 
routing, and examines characteristics of those routings. A total of 103 trans-Atlantic flights of an Airbus 
A330  is  simulated  for  five  weather  types  in  winter  and  for  three  types  in  summer  over  the  North 
Atlantic by using  the chemistry-climate model EMAC with  the air  traffic simulation submodel AirTraf. 
For every weather type, the climate-optimized routing shows the minimum climate impact, whereas a 
trade-off  exists  between  the  costs  and  the  climate  impact.  The  cost-optimized  routing  lies  between 





routing  significantly  reduces  the  climate  impact by optimizing  flight  routes  to avoid  regions 
where  released  emissions  and  formed  contrails  have  a  large  climate  impact.  Previous 
studies show  that  the climate-optimized  routing greatly decreases  the  impact, whereas  the 





trans-Atlantic  flights  for  not  only  the  climate-optimized  routing  but  also  different  aircraft 
routings by using the chemistry-climate model EMAC (Jöckel et al., 2010, 2016) with the air 
traffic  simulation  submodel  AirTraf  (Yamashita  et  al.,  2016,  2019).  The  simulations  are 
performed  for  representative  weather  types  over  the  North  Atlantic  and  common 
characteristics of those aircraft routings are examined.  
METHODOLOGY 
To  analyze  weather  patterns  over  the  North  Atlantic,  a  ten  years  EMAC  simulation  was 
carried out for  the  time period  from December 2008  to August 2018 (Table 1). The EMAC 
model  is  a  numerical  chemistry  and  climate  simulation  system  that  includes  submodels 
describing tropospheric and middle atmosphere processes and their interaction with oceans, 
land,  and  influences  coming  from  anthropogenic  emissions  (Jöckel  et  al.,  2010,  2016). 
EMAC comprises the Modular Earth Submodel System MESSy (version 2.54)  to link multi-
institutional  computer  codes  and  the  5th  generation  European  Centre  Hamburg  general 
circulation model ECHAM5 (version 5.3.02; Roeckner et al., 2006). For this study, the model 




genetic  algorithm.  A  flight  trajectory  is  optimized  including  altitude  changes according  to  a 
selected  aircraft  routing  strategy  (called  an  option):  great  circle,  flight  time,  fuel  use,  NOx 




























into  five  types  for  winter  (W1-W5)  and  three  types  for  summer  (S1-S3).  Table  2  lists  the 
types and the representative days for each type; for example, when observing type W3 (Fig. 





Type  NAO/EA indices  Jet stream position/strength  Representative day in 2008-2018 
W1  EA+  Zonal/strong  January 12, 2010 
W2  NAO+  Tilted/strong  January 1, 2015 
W3  EA–  Tilted/weak  January 9, 2012 
W4  NAO–  Confined/strong  December 20, 2009 
W5  Mixed  Confined/weak  February 19, 2012 
S1  EA+  Zonal/strong  July 11, 2009 
S2  Mixed  Weakly tilted/weak  August 1, 2016 
S3  EA–  Strongly tilted/weak  July 26, 2011 
AIRCRAFT ROUTING CHARACTERISTICS 














climate  impact  ATR20total  (the  average  temperature  response  over  20  years)  of  the  two 
options are 4.1×10−7 and 1.8×10−7 K, respectively. The climate option decreases ATR20total 
by 56.5 % (Fig. 2) with an extra COC of 9.2 %. Of the nine routing options, the climate option 
shows  the  lowest  ATR20total,  whereas  a  trade-off  is  observed  between  the  cost  and  the 
climate impact. This trade-off agrees with that indicated by the previous studies.  
Second,  the  time,  the  fuel  and  the  COC  options  are  compared.  To  minimize  COC,  a 
reduction of both flight time and fuel is desirable, because COC depends on the two factors; 
however, a trade-off generally exists between them. For type W3, the time penalty of flying 
minimum fuel  trajectories  is 1.4 percentage points  (%pt), whereas  the  fuel penalty of flying 
minimum time trajectories is 14.8 %pt. On the other hand, the COC option takes 1.3 % more 
flight time (with 14.7 % less fuel) than the time option takes, and consumes 0.07 % more fuel 
(with 0.09 %  less flight time) than  the fuel option consumes. The COC option  lies between 
the time and the fuel options, and yields the best compromised values of the flight time and 
the fuel to minimize COC (COC for the time and the fuel options are 5.60 and 5.36 Mil.USD).  
Last,  the  contrail  option  shows  the  second-lowest  ATR20total  of  2.9×10
−7  K,  which 
corresponds  to  a  decrease  in  ATR20total  by  30.7 %  (Fig.  2);  however,  as  with  the  climate 
option, this option increases COC by 9.3 % (COC for the contrail option is 5.9 Mil.USD). The 








types  for  summer  from  the  ten  years EMAC  calculation,  and  representative days  for  each 
type  were  selected.  The  EMAC/AirTraf  calculations  for  those  days  revealed  the  common 
characteristics of the aircraft routings. The climate option reduces ATR20total most and shows 
a trade-off between COC and ATR20total; the COC option lies between the time and the fuel 












Dee,  DP., Uppala, SM.,  Simmons, AJ., Berrisford, P., Poli,  P., Kobayashi,  S., Andrae, U., 





REACT4C  case  study.  Atmospheric  Environment,  94,  pp.  616-625,  doi: 
10.1016/j.atmosenv.2014.05.059. 
Irvine,  E.  A.,  Hoskins,  B.  J.,  Shine,  K.  P.,  Lunnon,  R.  W.  and  Froemming,  C.,  2013. 
Characterizing  North  Atlantic  weather  patterns  for  climate-optimal  aircraft  routing. 
Meteorol. Appl., 20, pp. 80-93, doi: 10.1002/met.1291. 
Jöckel,  P.,  Kerkweg,  A.,  Pozzer,  A.,  Sander,  R.,  Tost,  H.,  Riede,  H.,  Baumgaertner,  A., 
Gromov,  S.  and  Kern,  B.,  2010. Development  cycle  2  of  the  modular  earth  submodel 
system (MESSy2). Geosci. Model Dev., 3, pp. 717-752, doi: 10.5194/gmd-3-717-2010. 
























Yamashita,  H.,  Yin,  F.,  Grewe,  V.,  Jöckel,  P.,  Matthes,  S.,  Kern,  B.,  Dahlmann,  K.  and 
Frömming,  C.,  2019.  Various  aircraft  routing  options  for  air  traffic  simulation  in  the 
chemistry-climate  model  EMAC  2.53:  AirTraf  2.0.  Geosci.  Model  Dev.  Discuss.,  doi: 
10.5194/gmd-2019-331, in review. 
Yin,  F.,  Grewe,  V.,  Frömming,  C.  and  Yamashita,  H.,  2018.  Impact  on  flight  trajectory 
characteristics when avoiding the formation of persistent contrails for transatlantic flights. 
Transportation  Research  Part  D:  Transport  and  Environment,  65,  pp.  466-484,  doi: 
10.1016/j.trd.2018.09.017. 
